Laser process parameters influence greatly the width of kerfs and quality of the cut edges. This article reports experiments on the laser plywood-cutting performance of a CW 1.5 kW CO 2 Rofin laser, based on design of experiments (DOE). The laser was used to cut three thicknesses 3, 6 and 9 mm of plywood panels. The process factors investigated are: laser power, cutting speed, air pressure and focal point position. The aim of this work is to relate the cutting edge quality parameters namely: upper kerf (UK), lower kerf (LK), the ratio between upper to lower kerfs and the operating cost to the process parameters mentioned above. Mathematical models were developed to establish the relationship between the process parameters and the edge quality parameters, and special graphs were drawn for this purpose. Finally, a numerical optimization was performed to find out the optimal process setting at which both kerfs would lead to a ratio of about 1, and at which low cutting cost take place.
Introduction
Wood is diffusely used in the building industry as a construction material. Due to its sustainability it represents an alternative to non-renewable resources such as aluminium, steel, concrete and plastics. Currently, plywood is often named as the first from the group of these products which are known as engineered wood given that it shows excellent physical and mechanical properties and it is relatively cheap [1] . Plywood has its origins in laminating veneers around 3,500 years ago in Egypt during the days of the Pharoahs. The early Greeks and Romans also used veneers and plywood mainly for furniture. From the mid 1800's modern plywood were utilized in pianos, furniture and tea chests. Plywood came of age as a versatile construction material in the 1930's when water resistant resins were used as glues giving plywood longevity and integrity. Control of veneer surface in plywood production is essential to maintain plywood quality [2] . Rough veneers reduce contact between the layers resulting in a weak glue line and low strength properties of the plywood [3] . During 1960's the laser was discovered soon after that it becomes popular in many applications in industry especially in materials processing such as cutting of engineering structures due to its high power density and accuracy. By means of laser beam cutting (LBC) different advanced materials can be cut for example metals, plastics, rubbers, wood, ceramics and composites [4] . Some articles have been published on the laser cutting of different materials such as stainless steel and plastic materials (high-performance polyethylene and polymethyl-methacrylate) with the aim of analysing the effect of LBC parameters on quality characteristics of the cut [5 -7] . The laser cutting of wood is one of the earliest applications of the laser processing of materials. It was successfully used in the packing industry to cut plywood mouldings in the early-1970s [8, 9] . Laser systems continue to be used in this application because of the advantage of their capability to cut complicated patterns at present. They have also found their application in the furniture industry where it is possible to get a completely automated cutting process allowing, for instance, the cutting of plywood inlays [10] .
Moreover, the darkened cut surfaces obtained from the laser cut sometimes actually provide a decorative effect to the cut surface [9, 11] . Highly precise cut is one of the main advantages of laser cutting of wood in comparison with conventional cutting methods given that it is possible obtain a narrow kerf width and extremely smooth surfaces [12, 13] . Additionally, lowest presence of mechanical stress in the work piece, no tool wear, low noise emission, reduced amount of sawdust could be achieved by using this cutting method instead of conventional ones [14, 15] . Nowadays, the CO 2 laser is the most widely used laser in cutting operations of wood. An example of CO 2 laser cutting of wood is picked out in the experiment by Lum et al. [16] which aim was to determine the process parameter settings for the cutting of medium density fibreboard (MDF). The authors showed that laser cutting is a type of thermo chemical decomposition (TCD) mechanism. The energy from the laser beam acts to break chemical bonds and thus disrupt the integrity of the material. Eltawahni et al. [17] have evaluated the cutting quality of MDF wood composite material using CO 2 laser. The optimal cutting combinations between laser power, cutting speed, air pressure and focal point position process factors were presented in favours of high quality process output and in favours of low cutting cost. Additionally, the importance of parameters like laser power, cutting speed and shield gas to determine the cut quality for both hard and soft timber materials has been highlighted by Khan et al. [18] . Both Mukherjee et al. [13] and Khan et al. [18] have also discussed about how nozzle design and variation in shield gas velocity could improve the cutting performance of CO 2 lasers on timber-based materials. Indeed, one of the important factors is laser cutting speed because higher cutting speed can bring to lower production as a result of lower cycle time. Shield gas pressure are depended upon the nozzle size and in case of supply gas in cylinder, the amount of gas remaining inside the cylinder can also affects the gas pressure. The location of the laser focal point with respect to the workpiece could influence the cutting efficiency as well as it has been underlined by Barnekov et al. [15, 19] . In their preliminary study, they have found that the severance energy which is laser power divide by material thickness for the material is about 1 Jmm -2 . The same authors reported that other future research on laser cutting of wood needs to be done. The type of laser influences intensely the interaction of the laser beam with wood. In the study performed by Grad and Mozina [20] it has been proven that the CO 2 laser beam is absorbed almost completely by wood, which seem to be the reason why most researchers focusing on this type of laser. The same result has been achieved by Hattori [21] , who discusses the laser processing of wood. The author concluded that CO 2 laser is the most suitable for wood processing, amongst several different types, because of CO 2 gas wavelength and correspondent energy density that provide a high quality of cutting. For instance, CO 2 laser has an higher energy density than YAG laser when interacting with wood and paper; furthermore, the orientation of a linearly polarized beam has to be considered, provided that it has an effect on the kerf shape resulting. A narrow kerf with sharp straight edges could be obtained only if the laser beam is polarized in the cutting direction. Contrariwise, if the beam is polarized forming an angle with the cut direction, the side of the cut will absorb a major laser power. As a consequence accordingly the kerf will result wider with a tapper that is influenced by the angle between the cutting direction and the plane of polarization [22] .
The fundamentals of LBC are mostly the same in both CO 2 and Nd-YAG lasers. The laser beam is focused onto the surface of the material to be cut by means of focusing lens, results in heating the material surface locally. The size of the molten volume is usually just slightly greater than the diameter of the focused beam. The molten material is ejected with the aid of high-pressure assist gas jet usually flow coaxial with the laser beam [23] . In addition to blowing the molten material away, for some materials, the type of the assist gas can improve or destroy the cutting operation by chemical reaction. However, most of non-metallic materials are been cut by CO 2 laser, due to they are highly absorptive at the CO 2 wavelength of 10.6 m [4] .
The purpose of this work is to investigate the effect of CO 2 laser cutting process parameters on the cut edge quality features (responses), finding out the relationship between the process parameters and the responses. An appropriate response surface methodology (RSM) technique has been adapted to this aim to reach the desired quality features at a reasonable operating cost. Finally, the desirable and/or optimal cutting conditions can be obtained by using desirability approach and the developed models.
Experimental Work

The experimental design
Design of Experiment (DOE) and artificial neural network (ANN) of laser machining have been used in many applications of laser-cutting and laser-welding for better understanding of the relationship between laser parameters and responses, mainly with optimization purposes [24 -31] .
While ANN is a sort of "model free" technique to forecast process outcomes, DOE is far more accurate in providing statistical meanings to the causal relationship between parameters and responses. DOE is a long lasting well-assessed corpus of techniques, with several applications in the field of science and engineering for the purpose of process optimization and development, because it is essentially experimental based modelling: a good literature review on the techniques used in optimizing certain manufacturing process and the selection of the appropriate technique has been outlined by Benyounis and Olabi [27] . Accordingly, a DOE approach has been selected to be implemented in this work, in particular by adopting the Taguchi's methodology with two level factorial design, which have the lower number of runs to study a multifactor and multi-responses process such as the laser cutting. Unfortunately, the two-level FD involve some restrictions given that the quadratic effect cannot be determined using (it is a screen design); to the same extent some of the interactions between the factors affecting the process cannot be determined using Taguchi methodology due to the aliased structures, which means not all the interaction effects can be estimated [28] . Conversely, RSM offers interesting features in analyzing the relationship and the influences of input machining parameters on the responses [24, 25, 29] , making possible to find out all the factor's effects and their interactions. In fact, in Eq.1 below x i terms are the input variables that influence the response y, and b o , b i , and b ij are estimated regression coefficients, while ε is the experimental error; the first summation term represents the main factor effects, the second term stands for the quadratic effects and the third term represents the two factor interaction effects.
Therefore, RSM was chosen by implementing Box-Behnken design, which is a three level design and it is able to investigate the process with a relatively small number of runs as compared with the central composite design [27, 28] . This design characterizes with its operative region and study region are the same, which would lead to investigate each factor over its whole range, which is a competitive advantage for this design over the central composite design [17] :
If all independent variables were measurable and can be repeated with negligible error, the response surface can be expressed by:
where k is the number of independent variables.
To optimise the "y" response it is necessary to find an appropriate approximation for the true functional relationship between the independent variables and the response surface. In this study four process parameters are considered, namely: laser power, cutting speed, air pressure and focal point position. Table 1 shows process input parameters and experimental design levels used for the three thicknesses (3, 6 and 9 mm). The experimental data was analysed by statistical software, Design-Expert V7. Second order polynomials were fitted to the experimental data to obtain the regression equations. The sequential F-test and other adequacy measures were carried out to select the best fit. A step-wise regression method was used to fit the second order polynomial Eq. 1 to the experimental data and to find the significant model terms [28, 32] . The same statistical software was used to generate the statistical and response plots as well as the optimization. The main experiment was performed as per the design matrix in a random order to avoid an systematic error.
Experimental settings
The specimen used were dry sheet panels of plywood composite of 500 x 500 mm dimensions, with thicknesses of 3, 6 and 9 mm. Trial laser cut runs were initially carried out by varying one of the process factors at-a-time to find out the best ranges for laser power, cutting speed, air pressure and focal point position factors. Full cut, with an acceptable kerf width, cutting edge striations and dross were the criteria of selecting the working ranges for all factors. A CW 1.5 kW CO 2 Rofin laser with a linear polarized beam angled at 45 provided by Mechtronic Industries Ltd. A focusing lens with a focal length of 127 mm was used to perform the cut. Fig. 1 illustrates the location of the focal plane relative to the upper surface for 6 mm plywood board. As reported in [16] there is no significant reduction in the kerf width when using either the compressed air or nitrogen. In addition, the compressed air is cheaper than nitrogen. Therefore compressed air was supplied coaxially as an assist gas with different pressures. Furthermore, the compressed air system was used to remove smoke and fumes generated by the laser cutting operation. The nozzle used has a conical shape with nozzle diameter of 1.5 mm. The stand-off-distance was kept to 0.5 mm. Specimens were cut from the panel for each condition. The specimen shape was designed as shown in Fig. 2 photograph of UK and LK of a plywood specimen token by the optical microscope. As can be seen from these pictures, the presence of charring on the cutting edges is minimal and it did not significantly affect the quality of the cut for all the three thicknesses. The ratio of the upper kerf to the lower kerf was calculated for each run using the averaged data.
Focal plane 
Estimation of the laser-cutting operating cost
Laser-cutting operating costs can be estimated as cutting per working hours or per unit length.
The laser system used in this work utilized CO 2 using a static volume of laser gases of approximately 7.5 litre every 72 hour. For this laser system with 1.5 kW maximum outputs power the operating costs generally falls into the categories listed in Table 2 , where the value 0.8 pf, in the first two element costs, represents the power factor of the AC electrical power system used. The operating cost calculation does not account the unscheduled breakdown and maintenance, such as breakdown in the table motion controller or PC hard disc replacement. The total approximated operating cost per working hours as a function of process parameters can be estimated by 2.654 + 1.376xP + 1.3718x10 -5 xF. While the total approximated operating cost per unit length of the cut is given by Eq. 3 assuming 85% utilization. Eq. 3a was used to calculate the cutting cost per meter for all samples and the results were presented in Tables 3-5 . 
Where P: used output power in kW. F: flow rate in l/hr. S: cutting speed in mm/min.
At pressure above 0.89 bar the compressed air will flow in a supersonic manner. Note that this pressure value (0.89 bar) is independent of nozzle diameter [33] . At pressure above this threshold the flow rate in [l/hr] of the compressed air through a nozzle can be easily calculated from Eq. 4 [17] . 
Results and discussion
The outputs of the experiments and the average measured responses for each thickness are presented in Tables 3-5 . The upper and lower kerf were measured by an optical microscope as discussed above, while the operating cost were obtained using Eqs 3a and 4. 
Analysis of Variance
The test for significance of the regression models, test for significance on each model coefficients were carried out.
Step-wise regression method was selected to select the significant model terms automatically. The resultant 12 ANOVA tables for the reduced quadratic models summarize the analysis of variance of each response and show the significant model terms, but to avoid any confusion for the reader these tables were abstracted to present only the most important information as shown in The 
Adequacy of the Developed models
The adequacy and the improvement of the developed models were tested by three confirmation experiments, carried out using different test conditions at different parameters conditions; these experiments were selected from the optimization results, using the first optimal solution related to the first optimization criterion for each plywood thickness. The predicted values of UK, LK, ratio and operating cost, for validation experiments were calculated using the point prediction option in the Design-Expert software and the developed mathematical models. Table 7 constant ratio. In the case of more than one factor this type of display could be used to find those factors that most affect the response. Note that the paths emanate from the centre point. This reference point on the perturbation plot can be changed. The final optimum makes a good reference point from which one can see how sensitive the response becomes to the process factors. Taking a look at this graph it is clear that the factor which has the major effect on the upper kerf is the focal point position. Particularly, the upper kerf decreases as the focal point position increases. This result confirms the theory that the smallest spot size of the laser beam is present on the surface when the focal point is precisely on the surface and consequently the laser power will localize in narrow area.
Conversely, if the beam is defocused below the surface, the laser power will spread onto wider area on the surface and accordingly it will lead to a wider upper kerf. Both the laser power and cutting speed are also influencing the upper kerf as it is shown from the same figure. However, the upper kerf increases as the cutting speed decreases while it increases as the laser power increases. This is in agreement with the logic as carrying out laser-cutting with a slow cutting speed more materials will be melted and ejected causing the upper kerf to increase given that more heat would be brought to the sample. As regards laser power effect, increasing the laser power, the upper kerf would increase owing to the increase in the heat input as a result of the increase in the laser power. These results agree well enough with the results obtained in the reference [32] . Lastly, it is evident that the upper kerf decreases slightly as the gas pressure increases. However, the effect of the gas pressure on the average upper kerf exists only for 3 mm thick plywood and it disappears for 6 and 9 mm thick plywood. The change of focal position, cutting speed and laser power factors from its lowest value to its highest value while keeping the other factors at their centre values will bring to a percentages change in the upper kerf as follows (the percentages are for 3 mm, 6 mm and 9 mm Fig. 4 (a-c) perturbation plots show the average lower kerf widths for all thicknesses. In this plot it is clear that the major factors, which have an effect on the lower kerf, are the laser power, the cutting speed and the focal position. These results confirmed the results obtained in the reference [32] that is to say the lower kerf decreases as the cutting speed increases. Furthermore, the lower kerf increases as the laser power increases and this agrees well enough with the results found in the literatures. Additionally, the lower kerf increases as the focal point position increases for 3 mm thick and 9 mm thick plywood while the effect is almost null for the 6 mm thick. So, as already mentioned above, the lower kerf will increase when a focused beam is used given that the laser power would spread on the bottom surface onto a wider area, as the beam is becoming wider at the bottom of the sample. Finally, the air pressure has a very small effect on the average lower kerf for and an increase of 6.93%. Fig. 5 exhibits the interaction of the laser power with the focal point position on the average lower kerf for the 6 mm thick. It is evident that to achieve a narrow lower kerf at higher laser power above 417 W it is necessary using focal point position of -6 mm.
Lower kerf
Conversely, a narrower average lower kerf could be obtained by using lower laser power less than 417 W and a focused beam. Fig. 5 demonstrates the interaction of the cutting speed with the focal point position on the average lower kerf for the 9 mm thick. From Fig. 6 it is clear that at slower cutting speed less than 4698.08 mm/min a narrower lower kerf would be achieved by using focal point position of -7.50 mm. On the other hand, a narrower average lower kerf could be obtained by using faster cutting speed above 4698.08 mm/min and a focused beam. Fig. 7(a-c) perturbation plots show the effect of the considered cutting parameters on the ratio between the upper kerf to the lower kerf for all thicknesses. It is evident that the factor which has the main role on the ratio between the upper kerf to the lower kerf is the focal position, in particular the ratio decreases as the focal position increases. The laser power has the second main effect on the ratio as shown from the same figure, where it could be seen that the ratio decreases as the laser power increases. Indeed, this effect becomes less significant as the thickness increases.
Ratio between upper kerf to lower kerf
Additionally, the ratio increases as the cutting speed increases up to around 3750 mm/min for 6 mm thick and 3500 mm/min for 9 mm thick, and then it starts to decrease as the cutting speed increases.
Finally, the air pressure has a slight effect only on the ratio for 3 mm thick. The change of focal position and laser power factors from its lowest value to its highest value while keeping the other factors at their centre values will bring to a percentages change in the ratio as follows (the percentages are for 3 mm, 6 mm and 9 mm thick, respectively): (a) changing focal position would lead up to a decrease of 114.85%, 122.30% and 208.32%; (b) changing the laser power would lead up to a decrease of 106.28%, 26.23% and 58.87%. The percentages of changes in the ratio as a result of changing cutting speed for the 6 mm thick and 9 mm thick consist of a decrease of 12.79%
and 0.10%. Moreover, the change in the ratio as a result of changing air pressure for the 3 mm is of 9.10%. Fig. 8(a-c) contour graphs show the effect of the focal point position and the laser power on the ratio for the three thicknesses. This figure is useful for picking out the area in which the desirable ratio between the upper kerf to the lower kerf is present in order to obtain square cut edge, that is to say the area where the ratio is around 1. 
Optimization
Cutting plywood with laser is a multi-factor process and a proper combination of the parameters involved is needed to achieve high quality and optimum process efficiency. Therefore, the optimum values for the CO 2 laser parameters need to be established in order to get the most desirable performance of it. The effect of each factor and its interaction with the other factors on the responses, the output of the process (i.e. responses) and finally the edge quality or the cost of cut section have to be regard with the aim to run any optimization. For this case study, two different optimization criteria have been considered; for each criterion factors and responses have been set with a specific goal as shown in Table 8 . As regard the first criterion, the cutting edge quality is considered to be an issue, therefore, no restrictions were made on the four factors. As regard the second criterion, the aim is to find out the optimal cutting conditions which would minimize the operating cost therefore, no restrictions were made on the UK, LW and ratio responses. Solving such multiple response optimization problems using the desirability approach consist of using a technique for combining multiple responses into a dimensionless measure performance called as overall desirability function. The desirability approach is based on the idea that the "quality" of a product or process that has multiple quality characteristics, with one of them outside of some The individual desirabilities are then combined using the geometric mean, which gives the overall desirability D (Eq. 17): technique has flexibility in assigning weights and importance on each factor and responses [27 -29] . The optimal solutions found for all thicknesses are presented in Tables 9-11 . They satisfy the desirable goals for each factor and response and look for either, maximize the cut edge quality (i.e.
by setting the ratio around 1) or minimize the cutting cost (i.e. by minimizing both the laser power and air pressure as well as maximizing the cutting speed) in an attempt to optimize the laser cutting process of plywood. The optimal combinations of process factors and the correspondence responses values for both quality and cost criteria for 3 mm plywood are listed in Table 9 . If the aim is to achieve predicted ratio as close as possible to one a laser power between 267.33 W and 383.69 W, cutting speed ranged between 2582.66 mm/min and 4891.45 mm/min, a air pressure between 1.46 and 2.26 and nearly focused beam ranged between -1.03 and -0.87 mm have to be set. These optimal results agree well enough with the conclusion presented in the reference [15] . On the other hand, if the main aim is reducing the cost, it is verified that, the minimum laser power, the maximum cutting speed, air pressure of 1 about bar and focal point position ranged from -1.20 to -0.87 mm have to be used. It is very interesting to compare the two criteria as follows: with reference to the cut edge quality, the predicted ratio is on average 98.96% less than the one of the cost criterion and theoretically equals to 1, which means the cut edge is square. However, the cutting operating cost in the first criterion is 53.39 % higher than the operating cost of the second criterion. 
Optimization of 3 mm plywood
Optimization of 6 mm plywood
The optimal combinations of process factors and the correspondence responses values for both quality and cost criteria for 6 mm plywood are shown in Table 10 . It is obvious that to get predicted ratio of one a laser power ranged between 305.84 and 578.08 W, cutting speed between 2522.37 and 4908.86 mm/min with air pressure ranged between 2.05 and 3.63 bar and focal point position ranged from -2.07 to -0.10 mm have to be used. Accordingly, the focal position is almost on the surface and these optimal results are in good agreement with the conclusion obtained in the reference [15] . Conversely, if reducing the operation cost is more important, it is necessary to apply the minimum laser power with maximum cutting speed, air pressure between of 2 bar and focal point position ranged from -5.24 to -1.42 mm. As mentioned above, it is useful to compare the two criteria as follows: with respect to the quality of the cut section, the predicted ratio is on average 80.40 % less than the ratio obtained in the cost criterion and in theory equals to 1, which means the cut edge is square. However, the cutting operating cost in the first criterion is 56.17 % higher than the operating cost of the second criterion. 
Optimization of 9 mm plywood
The optimal combinations of process factors and the correspondence responses values for both quality and cost criteria for 9 mm plywood are presented in Table 11 . It is evident that to obtain predicted ratio close to one a laser power ranged between 393.35 and 745.86 W, cutting speed between 2052.57 and 3503.01 mm/min with air pressure ranged between 2.25 and 4.72 bar and focal point position spanning from -3.50 to -0.29 mm have to be used. These optimal results agree well enough with the results obtained in the reference [15] , given that the focal position is almost on the surface. Instead, if minimizing the cost is fundamental, it is confirmed that, the minimum laser power with maximum cutting speed, air pressure of 2 bar and focal point position ranged from -6.75
to -1.83 mm should be used. In comparison between the two criteria and concerning the quality of the cut section, the predicted ratio got in the quality criterion is on average 78.97 % less than the ratio obtained in second criterion. However, the cutting operating cost in the first criterion is 100.63 % higher than the operating cost of the second criterion.
Conclusion
The following conclusion can be drawn from this investigation within the factors limits and only applicable for experiment setup considered in this study and for the specified material:
1-The effects of all investigated factors have been set up and every factor has a potential effect on the responses with different level.
2-The focal point position has the major role in influencing the average upper kerf width and the latter decreases as the focal position increases. Moreover, the upper kerf decreases as the cutting speed and air pressure increase, and it increases as the laser power increases.
3-The laser power and cutting speed have the main effect on the average lower kerf width and the latter decreases as the cutting speed increases while it increases as the laser power increases. Moreover, the lower kerf increases as the focal position increases.
4-The focal point position and the laser power have the principal role in affecting the ratio. It decreases as the focal point position and laser power increase, however, the laser power becomes less significant as the thick of the plywood specimen decreases. As regards the cutting speed, the ratio has a particular trend: it increases as the cutting speed increases up to around 3750 mm/min, and then it starts to decreases.
5-Economical cut sections and high quality could be carried out following the tabulated optimal cost setting shown above, but with increase in the predicted ratio of 98.96 %, 80.40 % and 78.97 % for 3, 6 and 9 mm plywood respectively.
6-A ratio as close as possible to 1 could be obtained following the tabulated optimal quality setting shown above, but with increase in the processing operating cost of 53.39 %, 56.17 % and 100.63 % for 3, 6 and 9 mm plywood respectively.
